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INTRODUCTION

The term “macrolide” is used to describe drugs with a mac-
rocyclic lactone ring of 12 or more elements (183). This class of
compounds includes a variety of bioactive agents, including
antibiotics, antifungal drugs, prokinetics, and immunosuppres-
sants. The 14-, 15-, and 16-membered macrolides are a widely
used family of antibiotics. They have excellent tissue penetra-
tion and antimicrobial activity, mainly against Gram-positive
cocci and atypical pathogens (27). Macrolide concentrations
are at least 10-fold higher in the epithelial lung fluid than in
serum. Erythromycin A, a 14-membered macrolide, was isolated
more than 50 years ago from cultures of Streptomyces and was the
first macrolide introduced into clinical practice (183, 325). In this
review, macrolide antibiotics are called “macrolides.”

The nonantimicrobial properties of macrolides were sus-
pected as far back as the 1960s (110), but their dramatic clin-
ical effectiveness in treating diffuse panbronchiolitis (DPB) has
served to extend their use to a number of chronic inflammatory
diseases (71, 157, 202). DPB is a chronic debilitating disorder
of unknown etiology primarily afflicting East Asians and resulting
in refractory airway infection and life-threatening chronic respi-
ratory failure. By helping to resolve unregulated and destruc-
tive inflammation, macrolides increased the 10-year survival
rate from �40% in 1970 to 1979 to �90% after the widespread
use of chronic erythromycin therapy (157). The characteristics
of the clinical response to macrolide therapy are summarized
as follows (71, 157, 202, 258): (i) it takes up to 3 months of
therapy for macrolides to show a significant effect; (ii) doses
that are much lower than the MIC (i.e., low-dose macrolide
therapy) are effective; (iii) the effect is seen even when patients
are infected with macrolide-resistant bacteria, such as Pseudo-
monas; (iv) clinical improvement is recognized even when bac-
teria persist in posttreatment sputum; and (v) these actions are
seen only for treatment with 14- and 15-membered macro-
lides (e.g., erythromycin, clarithromycin, roxithromycin, and
azithromycin), not with the 16-membered macrolide antibiot-
ics (120). The effects of macrolides in patients with chronic
inflammatory airway disease appear to be independent of an-
timicrobial properties. Immunomodulation, which differs from
immunosuppression or anti-inflammation, is a nonlinear reset-
ting of the inflammatory response by modifying or regulating
one or more functions of the immune system (238). We use the
term “immunomodulation” to describe the downregulation of a
hyperimmunity or hyperinflammation without impairing the nor-
mal immune or inflammatory response to defend against infec-
tion.

This review summarizes what is known about the immuno-
modulatory activities of macrolides on the host and bacteria.
Clinical applications are briefly discussed.

NONANTIMICROBIAL EFFECTS

Effects on Airway Secretion

The volume and biophysical properties of mucus or phlegm
(airway secretions that would be called sputum if expecto-
rated) play an important role in the regulation of mucociliary
clearance. Hypersecretion is a feature of chronic airway inflam-
mation and can cause airflow limitation, impairment of mucocili-
ary transport, and recurrent respiratory infection. Macrolides can

decrease mucus hypersecretion both in vitro (214) and in vivo
(241, 290). Clarithromycin has been shown to improve the
transportability of secretions in human subjects (241, 290).
This mucoregulatory effect is seen even when hypersecretion is
not induced by bacteria. Improved mucus transport may be
associated with changes in the biophysical properties of secre-
tions as well as with reduced inflammation.

Ion transport. Tamaoki and coworkers (289) studied the
effects of macrolides on the airway bioelectric current mea-
sured in an Ussing chamber. Erythromycin and clarithromycin
decreased short-circuit current (ISC), transepithelial potential
difference (PD), and cell conductance in a dose-dependent
manner, and these effects were not altered by a Na channel
blocker but were abolished by a Cl channel blocker. Using a
patch-clamp whole-cell technique, Ikeda and colleagues (104)
showed that roxithromycin and erythromycin inhibit the ace-
tylcholine-evoked Cl current in acinar cells isolated from the
guinea pig nasal gland. This effect was thought to be due to
inhibition of the Ca2�-activated Cl channel. Likewise, eryth-
romycin was shown to inhibit gamma interferon (IFN-�)-in-
duced outwardly rectifying chloride channel (ORCC) activa-
tion in cultured BEAS-2B cells (a human bronchial epithelial
cell line) (76). The in vivo effects of macrolides on Cl channel
activity were investigated in the rabbit tracheal mucosa. Intra-
venous administration of clarithromycin reduced the Cl diffu-
sion potential difference in a dose-dependent fashion (288).
These findings suggest that macrolides may reduce water and,
possibly, mucin secretion through inhibition of the airway ep-
ithelial Cl channel.

However, there appears to be no significant effect of mac-
rolides on chloride transport in persons with cystic fibrosis
(CF). Barker and associates (23) investigated the effects of
macrolides on airway epithelial ion transport in CF mice (both
knockout and DeltaF508 homozygous mice) and human sub-
jects. There was no effect of macrolides on PD across normal
or CF nasal epithelium in either mice or humans, consistent
with clinical reports (63).

There is a significant association between the increase of hu-
man calcium-activated chloride channel 1 (hCLCA1) mRNA and
MUC5AC expression in asthmatics (321), and CLCA proteins
may regulate mucin gene expression in humans (222). Modu-
lation of this channel may be a promising treatment for mucus
overproduction (204). Macrolides can affect ion channels by
stabilizing Ca2� homeostasis (151, 346).

In summary, although macrolides may have an effect on
airway chloride ion transport, this seems to be an acute and
dose-related effect and is probably not of clinical relevance.

Mucus secretion. Goswami et al. (83) studied the effect of
erythromycin on mucus glycoconjugate secretion, using cul-
tured human airway explants and also using an endometrial
adenocarcinoma cell line. Following treatment with erythro-
mycin, both cell types had decreased baseline mucus secretion.
However, the mechanism of this effect was not explored.

Airway mucin is synthesized by epithelial goblet cells and
by mucous cells of the submucosal glands. MUC5AC and
MUC5B are the major gel-forming mucins in the human air-
way (281, 316, 317). Shimizu et al. (254) documented that
erythromycin and clarithromycin inhibit tumor necrosis fac-
tor alpha (TNF-�)-induced mucus secretion in a dose- and
time-dependent manner in NCI-H292 cells (a human muco-
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epidermal cell line) and in nasal epithelial cells. This effect
is accompanied by a reduced expression of MUC5AC mRNA.
Immunohistochemistry showed that clarithromycin and roxithro-
mycin inhibit mucus production induced by ovalbumin (OVA)
instillation in OVA-sensitized rats or by lipopolysaccharide (LPS)
exposure in rats (216, 254). Similar results were obtained after
Pseudomonas aeruginosa infection in mice (125). In this investi-
gation, clarithromycin inhibited mucus production and extracel-
lular signal-regulated kinase 1/2 (ERK1/2) phosphorylation in the
lungs of Pseudomonas aeruginosa-infected mice.

The P. aeruginosa autoinducer N-3-oxododecanoyl homo-
serine lactone (3-oxo-C12-HSL), a quorum sensing signal mol-
ecule, also stimulates the production of MUC5AC in NCI-
H292 cells, through ERK1/2 and I�B phosphorylation (105).
This induction was suppressed by azithromycin, and 3-oxo-C12-
HSL-induced MUC5AC production was blocked by the ERK
pathway inhibitor PD98059. Similarly, stimulation of cells with
LPS or transforming growth factor alpha (TGF-�) induces
phosphorylation of I�B� (285). Macrolides inhibited LPS-in-
duced MUC5AC gene expression and attenuated TGF-�-in-
duced and LPS-induced phosphorylation of I�B�.

In summary, macrolides can inhibit mucus hypersecretion
but do not appear to affect normal physiologic secretion. Mac-
rolides are able to modulate mucin gene expression, most
likely at the level of mitogen-activated protein kinase (MAPK)
pathways or transcription factors, suggesting that this effect is
part of a general modulation of immunity and inflammation.

Effects on Inflammation

Cytokine production. Cytokines and chemokines are key
regulators of the inflammatory response, with both proinflam-
matory (e.g., TNF-�, granulocyte-macrophage colony-stimu-
lating factor [GM-CSF], interleukin-1 [IL-1], IL-6, IL-8, and
IFN-�) and anti-inflammatory (e.g., IL-10) effects. Macrolides
appear to decrease the production of proinflammatory cyto-
kines that are detrimental to the host (48, 240).

In an earlier clinical study, erythromycin (600 mg daily for 3
months) reduced IL-8 and neutrophil elastase in bronchoal-
veolar lavage (BAL) fluid from subjects with chronic airway
diseases, including those infected with P. aeruginosa (213). In
subjects with DPB, treatment with erythromycin or roxithro-
mycin for up to 24 months decreased IL-1�, IL-8, and neutro-
phils in BAL fluid (244). Other studies have shown that mac-
rolides suppress proinflammatory cytokines in human airway
washings and in serum (17, 133, 135, 198, 283).

IL-8 is one of the cysteine-X-cysteine (CXC) chemokines
and is a potent neutrophil chemoattractant. Erythromycin
inhibits release of IL-8, epithelial cell-derived neutrophil
attractant (ENA-78), and macrophage inflammatory protein
1 (MIP-1) from macrophages and leukocytes (248). Clarithro-
mycin can suppress LPS-induced IL-8 production in human
peripheral monocytes and the human monocytic leukemia cell
line THP-1 (140). Oishi and associates (213) reported that
erythromycin inhibited IL-8 production from human neutro-
phils stimulated with formalin-killed P. aeruginosa. Erythromy-
cin and clarithromycin also showed a concentration-dependent
suppression of IL-8 release by eosinophils isolated from atopic
subjects (149).

Physiological concentrations of erythromycin and clarithro-

mycin inhibit IL-8 mRNA and protein in bronchial epithelial
cells from healthy subjects and those with chronic inflamma-
tory airway diseases (283). Erythromycin at a concentration of
10 �g/ml inhibited IL-6, IL-8, and soluble intercellular adhe-
sion molecule 1 (sICAM-1) secretion from human bronchial
epithelial cells (BEC) stimulated by endotoxin (135). Erythro-
mycin decreased production of TNF-� and IL-6 in human
whole blood stimulated with heat-killed Streptococcus pneu-
moniae (249). Similar effects have been observed using rox-
ithromycin, which suppressed the production of IL-6, IL-8, and
GM-CSF in the human epithelial cell line Bet-1A stimulated
with IL-1� (133). Media conditioned with TNF-�-stimulated
A549 human airway epithelial cells prolonged neutrophil sur-
vival in culture, an effect that was abolished by pretreatment of
A549 cells with macrolides, which inhibited TNF-�-induced
GM-CSF expression at both the protein and mRNA levels
(333). While azithromycin stimulated TNF-� secretion from mu-
rine CF airway epithelial cells (75), azithromycin at 10 ng/ml in
primary BEC from human lung transplant recipients inhibited
release of IL-8 and GM-CSF after stimulation with LPS (201).
This result may be due to the time of measurement, as it is
characteristic of immunomodulation to both stimulate and
suppress cytokine suppression, depending on the length of
exposure.

As immunomodulatory drugs rather than immunosuppres-
sive drugs, macrolides do not show simple time-dependent
suppression of proinflammatory cytokines. Shinkai and associ-
ates (255) confirmed the multiphase response of IL-8 release
from normal human BEC stimulated with LPS in the presence
of macrolides. Addition of 10 �g/ml clarithromycin immedi-
ately decreased IL-8 production, then potentiated the LPS-
evoked response (2.5-fold), and subsequently normalized IL-8
to the LPS-untreated control level. This effect was preceded by
phosphorylation of ERK1/2, a p44/42 MAPK (255, 257). These
findings are similar to those reported by Culić et al. for human
neutrophils (49). The reason for this nonlinear response may
be related to interaction with cross talk of intracellular signal
transduction or oscillation-damping feedback (3, 315). ERK
mediates normal human bronchial epithelial (NHBE) cell pro-
liferation, and clarithromycin affects the transition from G1

phase to S phase of the cell cycle and delays growth of NHBE
cells (256). This effect is consistent with a previous in vivo study
in which the oral administration of roxithromycin to healthy
BALB/c mice increased levels of IL-1 and IL-2 activity for the
initial 14 days, followed by decreases to the control level after
42 days of therapy (153). It has been proposed that macrolides
first activate leukocytes and then suppress cytokine production
in the presence of inflammatory priming (49). Acute neutrophil
activation by a macrolide can facilitate the killing of microorgan-
isms, while the suppression of chronic inflammation may limit
airway damage (221). These studies suggest that macrolides ini-
tially increase the production of proinflammatory cytokines but
that this then rapidly normalizes via immunomodulation.

Azithromycin slows the rate of lung function decline in CF
patients. Cigana and colleagues (41) used three CF (IB3-1,
16HBE14o-AS3, and 2CFSMEo	) and two isogenic non-CF
(C38 and 16HBE14o-S1) airway epithelial cell lines to inves-
tigate whether azithromycin reduced TNF-� mRNA and pro-
tein levels. Azithromycin reduced TNF-� mRNA levels and
decreased TNF-� secretion, to approximately the levels in the
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isogenic non-CF cells. NF-�B and specificity protein 1 (Sp1)
DNA-binding activities were also significantly decreased after
azithromycin treatment. Similar to these findings, azithromycin
significantly reduced lung TNF-� levels, and this was associ-
ated with inhibition of neutrophil recruitment to the lung in a
murine model stimulated with Pseudomonas beads (304).

In addition to effects on neutrophils, macrolides probably
inhibit eosinophil recruitment. Macrolides inhibit secretion of
the eosinophil-chemotactic cytokines RANTES and eotaxin
(245). Erythromycin significantly decreased TNF-�-induced
eotaxin mRNA as well as eotaxin release from human lung
fibroblasts. Roxithromycin at 5 mg/kg of body weight inhibited
formation of IL-5 by mouse spleen cells (152). These doses are
comparable to those in humans, and it was speculated that oral
administration of roxithromycin can inhibit the function of
Th2-type lymphocytes.

Human studies demonstrated that macrolides can reverse
the serum IFN-�/IL-4 (Th1/Th2) ratio (229, 324). Roxithromy-
cin dose dependently and significantly inhibited both IL-4 and
IL-5 secretion by T cells prepared from both healthy and al-
lergic rhinitis donors without affecting IL-2 and IFN-� levels
(15). However, there are also contradictory data suggesting a
shift from Th1 to Th2 cytokine production after the use of
macrolides. Park et al. (219) quantified changes in Th1 and
Th2 cytokines in BAL fluid from patients with DPB after
long-term treatment with erythromycin. After the treatment,
IL-2 and IFN-� levels in the BAL fluid were significantly de-
creased and the IL-4, IL-5, and IL-13 levels were significantly
increased. In the ovalbumin-sensitized rat, a model of Th2
stimulation, BAL fluid and lung tissues were examined for
mRNAs for cytokines (171). In these experiments, erythromy-
cin did not decrease Th2-related cytokines or mRNAs. Cla-
rithromycin and other macrolides were reported to inhibit Th1
cytokines, such as IL-2 and TNF-�, more markedly than Th2-
type cytokines produced by mitogen-stimulated human T lym-
phocytes in vitro (197).

More recent studies have evaluated the effect of macrolides
on T-cell regulation by dendritic cells (DCs). Azithromycin
and clarithromycin significantly upregulated the expression of
CD80, a costimulatory molecule for T-cell activation, from
murine bone marrow-derived DCs (270). Azithromycin, but
not clarithromycin, increased the production of IL-10, and
clarithromycin, but not azithromycin, inhibited the production
of IL-6 by DCs. Moreover, azithromycin increased IL-10 and
clarithromycin significantly decreased IL-2 when naive splenic
T cells were cocultured with DCs stimulated with LPS and
exposed to macrolides. These data suggest that macrolides
modulate the functions of DCs and that these effects may be
different among macrolides.

In summary, there are clear and compelling data demon-
strating that the 14- and 15-membered (but not the 16-mem-
bered) macrolide antibiotics can decrease the hypersecretion
of proinflammatory cytokines and chemokines in cell culture,
in animal models of disease, and in persons with chronic in-
flammatory pulmonary diseases. This effect appears to be non-
linear, and thus truly immunomodulatory, with an initial and
short-lived increase in inflammation followed by a sustained
decrease of cytokine production and secretion to normal, non-
inflamed levels, conceptualized as a “resetting” of the circuits.
As discussed later, many of these effects appear to be medi-

cated through inhibition of ERK1/2 or downstream transcrip-
tion factors.

Adhesion molecule expression. Adhesion molecules are nec-
essary for neutrophils and other inflammatory cells to migrate
into the airway in response to inflammatory signals. Mac-1
(CD11b/CD18) expression on peripheral neutrophils from pa-
tients with DPB is higher than that on cells from healthy
volunteers (159). Roxithromycin treatment caused a significant
decrease in the expression of Mac-1, which was associated with
decreased neutrophil numbers in BAL fluid. There were no
changes in lymphocyte function-associated antigen 1 (LFA-1)
expression (159). Downregulation of the integrin CD11b/
CD18 has also been reported with erythromycin (173). Eryth-
romycin inhibited LPS-induced neutrophil recruitment to the
middle ear of rats, in part by downregulating L-selectin and
Mac-1 expression on peripheral blood neutrophils (61).

Roxithromycin at therapeutic concentrations inhibited neu-
trophil adhesion to epithelial cells and decreased the expres-
sion of ICAM-1 on IFN-�-treated epithelial cells (133). It was
reported that soluble ICAM-1 derived from cultured epithelial
cells was also reduced by erythromycin treatment (135). A
subsequent study has shown that 14-membered macrolides di-
rectly inhibit vascular adhesion molecule 1 (VCAM-1) mRNA
induction and leukocyte migration into the lung in a mouse
model of bleomycin-induced lung injury (169).

In summary, macrolides have been shown to decrease stim-
ulated expression of adhesion molecules, which may contribute
to resolution of airway neutrophilic inflammation.

Inflammatory cells. (i) Chemotaxis. Neutrophilic inflamma-
tion is one of the key cellular features of DPB. In DPB, long-
term erythromycin therapy significantly reduces the number of
neutrophils and neutrophil chemotactic activity in BAL fluid (119,
211), and this is associated with a profound decrease in IL-8
(244). Macrolides also inhibit neutrophil migration after acute
lung injury in animals, induced by intratracheal instillation of LPS
(119), Pseudomonas beads (304), or bleomycin (20, 134).

However, not all studies have demonstrated inhibition of neu-
trophil chemotaxis. The concentration of macrolide needed in
vitro to inhibit chemotaxis of peripheral blood neutrophils from
healthy volunteers was much greater than therapeutic doses
(293). Anderson (6) demonstrated that erythromycin increased
neutrophil migration in response to a leukocyte attractant in vitro.
Chemotaxis of neutrophils from 8 CF subjects was not affected by
4 weeks of oral erythromycin treatment (34).

It is likely that the effects of macrolides on neutrophil che-
motaxis are due to decreased production of chemoattractants
and decreased expression of adhesion molecules (97, 285).

(ii) Chemical mediators. Neutrophil elastase stimulates de-
granulation of mucin granules and release of mucin glycopro-
tein by goblet cells and submucosal glands. This protease also
regulates the expression of IL-8, ICAM-1, and MUC5AC
mRNAs (252, 317). Macrolides have been thought to have
anti-elastolytic properties in the inflamed airway (98). Eryth-
romycin can act as an alternate substrate inhibitor of neutro-
phil elastase, and flurythromycin can inactivate this enzyme in
vitro (82). In asthmatics treated with clarithromycin, there was
a decrease in sputum neutrophil elastase and matrix metallo-
proteinase 9 (MMP-9) (260).

Macrolides may modulate the lipoxygenase pathway of ara-
chidonic acid metabolism. Leukotriene B4 (LTB4), a metabo-
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lite of arachidonic acid, is an important chemotactic factor for
neutrophils and is elevated in patients with chronic airway
disease. Erythromycin and roxithromycin reduced LTB4 in
BAL fluid or epithelial lining fluid (ELF) in subjects with DPB.
This was associated with decreased neutrophil numbers and
neutrophil chemotactic activity (203, 212).

Endothelin-1, a potent bronchoconstrictor and vasoconstric-
tor, is also a mediator of airway inflammation (68). Bronchial
smooth muscle cells have specific binding sites for endothe-
lin-1, and BEC of asthmatic patients release large amounts of
active endothelin-1 (314). Erythromycin and clarithromycin
suppress endothelin-1 expression and release by human BEC,
but this was not seen with josamysin, a 16-membered macro-
lide, or with tacrolimus, a very large macrolide (284).

Erythromycin dose dependently attenuates the contractile
response of isolated human bronchial strips to electrical field
stimulation, suggesting that macrolides may block bronchocon-
striction by inhibiting neurotransmitter release or the cholin-
ergic response in airway smooth muscle (286).

(iii) ROS. Reactive oxygen species (ROS) are recognized as
mediators of cell and tissue injury (46). Macrolides are able to
inhibit the production of ROS from neutrophils (161), and this
effect is incubation time dependent (1, 166). Macrolide inhibi-
tion of stimulated neutrophil or eosinophil superoxide gener-
ation has been reported in many studies (6, 7, 47, 173, 225). It
has been suggested that this is due in part to cell membrane
stabilization. Macrolides attenuate the membrane-destabiliz-
ing effect of bioactive phospholipids, such as lysophosphatidyl-
choline, platelet-activating factor (PAF), and lyso-PAF, and
this is accompanied by a dose-related inhibition of superoxide
production (7). Interference with phospholipase D/phospha-
tidic acid phosphohydrolase may also decrease superoxide gen-
eration by phagocytes (1, 225).

Nitric oxide (NO) is a second messenger that is produced by
NO synthase (NOS) early in the inflammatory response. Eryth-
romycin stimulates endothelial NOS (eNOS) production by a
protein kinase A-dependent mechanism (189). This is believed
to inhibit leukocyte adhesion to endothelial cells. On the other
hand, inducible NOS (iNOS) in pulmonary alveolar macro-
phages is suppressed by erythromycin (291). The same group
reported that clarithromycin inhibited in vitro iNOS mRNA
expression induced by endotoxin and IFN-� (148).

(iv) Apoptosis. Neutrophil recruitment and activation are
usually followed by neutrophil clearance and resolution of in-
flammation. In chronic inflammatory lung disease, neutrophils
continue to be recruited to the airway, die by necrosis, and
release their granule contents, increasing lung damage. Mac-
rolides may induce apoptosis of activated neutrophils (12, 106).
Erythromycin increased cyclic AMP (cAMP) in neutrophils in
vitro, and it accelerated apoptosis at 24 h (12). Azithromycin
has also been reported to promote apoptosis of neutrophils,
but this effect was not seen in the presence of Streptococcus
pneumoniae (146). However, in other studies, no direct effects
of macrolides on neutrophil apoptosis and survival were ob-
served, although shortening of neutrophil survival was medi-
ated indirectly through inhibition of GM-CSF release from
epithelial cells or IL-8 production in activated neutrophils
(307, 333).

Roxithromycin induces apoptosis of anti-CD3-activated Ju-
rkat T cells in vitro by enhancing Fas-Fas ligand and caspase-3

but not caspase-8 (118). Similarly, apoptosis of unstimulated
peripheral lymphocytes from healthy subjects is induced by
macrolides through the Fas-Fas ligand pathway (107). Cla-
rithromycin and azithromycin can also increase the phagocy-
tosis of apoptotic epithelial cells and neutrophils by alveolar
macrophages (92, 331).

Although macrolides may promote neutrophil apoptosis as a
mechanism to promote the resolution of inflammation, these
data have been difficult to confirm in vivo and may be of limited
clinical relevance.

(v) Cell differentiation. Macrolides promote differentiation
of the human monocytoid cell line THP-1 into macrophages
(271). Azithromycin may also alter the macrophage phenotype.
Azithromycin shifted a mouse macrophage cell line (J774)
from the classical activated phenotype (M1) to the alterna-
tively activated phenotype (M2), reducing secretion of proin-
flammatory cytokines and increasing the anti-inflammatory cy-
tokine IL-10 (200). A similar downregulation of inflammatory
cytokines by azithromycin was reported for M1-polarized CF
alveolar macrophages (186).

Airway epithelial cells. (i) Epithelial barrier. Data suggest
that macrolides may help to stabilize the epithelial cell mem-
brane. In the inflamed airway, phospholipases A2 cleave ara-
chidonic acid from the cell wall, and subsequent metabolism of
arachidonic acid produces proinflammatory mediators. Feld-
man et al. have shown that macrolides can stabilize cell walls,
protecting them against activated phospholipases (67). Fur-
thermore, neutrophils potentiated the ciliary dysmotility and
epithelial damage caused by proinflammatory phospholipids;
this was ameliorated by pretreating the leukocytes with mac-
rolides (67).

Junctional complexes between epithelial cells are a physical
and chemical barrier. Inhalation of PAF causes ciliary dysmo-
tility and disrupts the tight junction barrier in the rabbit tra-
chea (205). Oral administration of roxithromycin significantly
ameliorated PAF-induced ciliary dysfunction and the increase
in epithelial permeability. Azithromycin, but not penicillin or
erythromycin, increased the transepithelial electrical resistance
(barrier) of human airway epithelial cells cultured on filter
supports (16). In this model, azithromycin induced processing
of the tight junction proteins claudin-1, claudin-4, occludin,
and junctional adhesion molecule A.

Epithelial �-defensins are components of innate immunity in
the airway. Erythromycin increased bactericidal activity of the
airway surface liquid taken from cultured human primary tra-
cheal cells, bronchial BEAS-2B cells, and pneumocyte II-like
A549 cells (109). Erythromycin significantly increased the pro-
duction of human �-defensin-1 and �-defensin-2 mRNA and
protein. On the other hand, macrolides appeared to decrease
�-defensin-2 levels, but not �-defensin-1 levels, in BAL fluid
from DPB patients (90).

Thus, although macrolides appear to beneficially affect the
epithelial barrier and ciliary function, this may be secondary to
the decrease in airway inflammation.

(ii) CFTR expression. Cystic fibrosis transmembrane ion
conductance regulator (CFTR) is a member of the ATP-bind-
ing cassette (ABC) transporter superfamily whose function is
the transport of a wide variety of substrates. Multidrug-resis-
tant (MDR) protein and a P-glycoprotein also belong to the
ABC transporter family and share sequence homology. It was
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reported that a CF patient who was treated with chemotherapy
for fibrosarcoma had a dramatic improvement in lung func-
tion and that P. aeruginosa was no longer isolated from this
patient (162). An increase in MDR mRNA in the patient’s
nasal epithelial cells was found, whereas no MDR mRNA
was detected in a CF subject who had not received chemo-
therapy. It was speculated that the upregulated MDR pro-
tein complemented deficient CFTR function, leading to
clinical improvement. Erythromycin is known to upregulate
P-glycoprotein expression in epithelial cells (73), suggesting
that this may be a mechanism by which macrolides improve
pulmonary function in CF (4).

However, Equi and collaborators (63) demonstrated that
neither nasal epithelial MDR nor CFTR mRNA levels in adult
subjects with CF were changed after 2 weeks of azithromycin
treatment, during which time there was a significant improvement
in forced exhaled volume in the first second of exhalation (FEV1).
In addition, data show that neither clarithromycin nor azithromy-
cin changes the nasal potential difference, sodium absorption, or
chloride secretion (23), and azithromycin has no effect on MRP
promoter transcriptional activity (42).

Although macrolides are clearly beneficial in persons with
CF, as discussed below, the data do not support the hypothesis
that this is due to either expression or function of the CFTR
protein.

(iii) TLRs. The Toll-like receptors (TLRs) are an evolu-
tionarily conserved family of receptors that function in in-
nate immunity by recognizing some invariant regions in bac-
terial molecules. TLR2 recognizes peptidoglycan and
bacterial lipoproteins, and TLR4 and TLR5 recognize LPS
and flagellin, respectively. LPS can promote mucus secretion
through TLR4, even in neutropenic animals (287). Epithelial
TLR signaling stimulated by LPS or flagellin is decreased by
macrolides, and this appears to be mediated through the
MAPK–NF-�B pathway (255, 257).

Macrolides have been shown to affect TLR expression. Pe-
ripheral blood mononuclear cells stimulated with LPS have
increased TLR4 mRNA levels. This was suppressed by cla-
rithromycin and was accompanied by decreased LPS-induced
IL-8 production (218). In contrast, Yasutomi et al. (337) dem-
onstrated that erythromycin did not affect mRNA levels of
TLR4 in monocyte-derived dendritic cells but that TLR2
mRNA was upregulated. In TLR2-transfected HeLa cells in-
fected with S. pneumoniae, erythromycin did not influence the
activation of TLR2 (196).

Because the macrolides are antimicrobial drugs and many of
the innate immunity TLRs recognize specific bacterial prod-
ucts as an initial inflammatory response, it is tempting to spec-
ulate that macrolides may act in part by decreasing TLR ex-
pression or function. However, the limited data available do
not support this as a primary mode of action for the macro-
lides’ immunomodulatory properties.

Other cells. (i) Fibroblasts. Roxithromycin was shown to
inhibit fibroblast proliferation in nasal polyps from patients
treated for 1 month before polypectomy (210). Similar effects
were reported in another study, along with inhibition of IL-8
levels in nasal lavage fluid, which was thought to drive polyp
growth (330). Clarithromycin dose dependently reduced the
expression of IL-8 and NF-�B in human adenoidal fibroblasts
(279), and erythromycin significantly decreased TNF-�-in-

duced eotaxin mRNA as well as eotaxin release from human
lung fibroblasts (245). EM703, a novel derivative of erythro-
mycin A (discussed below), inhibited fibroblast proliferation
and collagen production in the murine lung fibroblast cell line
MLg2908 treated with TGF-� (170).

Vascular endothelial growth factor (VEGF) plays a role in
tumor growth as well as in inflammation of the respiratory tract
by enhancing neovascularization and vasopermeability. Cla-
rithromycin and roxithromycin have been reported to inhibit
VEGF production from fibroblasts stimulated by hypoxia or
TNF-� (182).

MMPs are secreted by a wide variety of cells, including
fibroblasts, and are important in the migration of inflammatory
cells through the basement membrane (60). Roxithromycin,
but not josamycin, suppressed the production of MMP-2 and -9
in nasal polyp fibroblasts induced by TNF-� in vitro, accompa-
nied by suppression of MMP mRNA expression through the
inhibition of NF-�B and activator protein 1 (AP-1) activation
(124). The inhibition of MMPs by macrolides may reduce the
extracellular spread of inflammation.

Kohyama and coworkers (150) documented that clarithro-
mycin, but not ampicillin, minocycline, or azithromycin, had a
concentration-dependent inhibitory effect on migration of hu-
man fetal lung fibroblasts (HFL-1 cells) stimulated with throm-
boxane A2, whereas there was no effect on HFL-1 cell-medi-
ated gel contraction, another function of fibroblasts at the
wound area.

Modulation of fibroblast function by macrolides appears
to occur in vivo, perhaps as a result of generalized immu-
nomodulation. Inhibition of fibroblast migration by macro-
lides may regulate the wound healing response following
tissue injury.

(ii) Vascular endothelial cells. Angiogenesis, the prolifera-
tion and migration of endothelial cells resulting in the forma-
tion of new blood vessels, is associated with lesion formation in
chronic inflammation as well as with progressive growth of solid
tumors (69). Roxithromycin inhibited endothelial cell migration
in vitro (339). The 14-membered macrolides appear to reduce
tumor angiogenesis (340). Likewise, roxithromycin inhibits TNF-
�-induced VEGF production, which is associated with suppres-
sion of NF-�B and AP-1 (217). The same group demonstrated an
anticancer effect secondary to inhibition of angiogenesis in the
mouse dorsal air sac model (10). These inhibitory effects on an-
giogenesis may be beneficial to prevent the neovascularization
associated with airway remodeling seen in chronic inflammatory
disorders such as CF and bronchiectasis.

The macrolide effects modulating cellular functions and re-
lated references are summarized in Table 1.

Effects on Cell Signaling

There have been so many different reported effects of mac-
rolides on cell signaling pathways that attempts to put these
actions together as one mechanism is difficult. In fact, all mac-
rolides seem not to have similar ranges or degrees of activity.
Proposed mechanisms and their influence on cell signaling are
discussed below.

Intracellular calcium. Intracellular Ca2� plays a fundamen-
tal role in signal transduction and regulates many enzymes,
such as proteases, phospholipases, and endonucleases (44).
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Moreover, alteration of intracellular Ca2� homeostasis is an
early event in the development of irreversible cell injury (209).
In airway epithelium, intracellular Ca2� mobilization induced
by proinflammatory mediators influences various cell func-
tions, including ion transport and mucus secretion (43, 141).
Experiments on epithelial cell lines suggest that Ca2� signaling
is involved in activation of the ERK1/2–NF-�B pathway and in
ATP release as well as TLR-mediated responses by P. aerugi-

nosa or flagellin (70, 184, 231, 277). Furthermore, intracellular
Ca2� agonists such as bradykinin and ATP can also increase
cytokine expression and secretion in airway epithelia (199, 234,
235).

We and others (126, 127, 151, 289) have shown that macro-
lides inhibit purinoceptor-mediated intracellular Ca2� oscilla-
tions and Ca2� influx in primary cultured airway epithelial
cells, thereby reducing Cl secretion, perhaps through suppres-
sion of Ca2�-activated Cl channels. Similarly, Zhao et al. (346)
have shown that erythromycin inhibits the ATP-mediated Ca2�

increase by suppressing Ca2� influx from the extracellular space
in A549 cells. Although molecular mechanisms of macrolide ac-
tion on Ca2� dynamics remain unclear, erythromycin does not
affect verapamil-sensitive, voltage-dependent Ca2� channels
(151, 346). The effect of macrolides on the calcium response has
been observed in other cells. Ca2� influx into neutrophils and the
oxidative burst were inhibited by erythromycin but not clarithro-
mycin, suggesting that effects of macrolides on calcium mobiliza-
tion are not completely homogenous (189). Recently, roxithro-
mycin was shown to suppress histamine release and prostaglandin
D2 production from human �-defensin-2-stimulated mast cells,
and this was accompanied by inhibition of the intracellular Ca2�

increase (130).
Calcium signaling after activation of apical G-protein-cou-

pled receptors by proinflammatory mediators is amplified in
CF airway epithelia (234, 235). Data suggest that the increased
Ca2� signal in CF cells may be due to the endoplasmic retic-
ulum Ca2� store increase or to inositol 1,4,5-triphosphate re-
ceptor (IP3R) dysfunction (9, 234). Macrolides may normalize
Ca2� responses and stabilize intracellular Ca2� levels.

MAPKs. MAPKs form a signaling network that responds
to diverse extracellular and intracellular stimuli, controlling
a vast array of physiological processes. Three well-charac-
terized subfamilies of MAPKs have been identified: extra-
cellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK), and p38 MAPK (116, 344). These MAPK
signaling pathways interact and play an important role in the
regulation of inflammatory cytokine gene expression and
cell proliferation, differentiation, and apoptosis (93, 345).
Activation of p38 MAPK can induce the production of in-
flammatory cytokines such as TNF-�, IL-1�, GM-CSF, and
RANTES (87, 185). ERK1/2 and JNK can mediate proin-
flammatory cytokine levels (309), and MAPKs can regulate
IL-8 promoter activity by NF-�B-dependent and -indepen-
dent processes (168). ERK and other MAPK pathways are
involved in the pathogenesis of hyperimmune reactions and
inflammatory diseases (28, 174, 185) and appear to be major
targets of macrolide immunomodulation.

ERK and p38 MAPK increase IL-8 expression in human
bronchial cells (168, 185, 228). ERK can also activate NF-�B
in human airway epithelial cells (28, 39). Shinkai and associates
(255) focused on the ERK pathway and evaluated effects of
macrolides on IL-8 and GM-CSF release from NHBE cells
in culture. Clarithromycin exposure decreased ERK activity
in the initial 30 to 90 min, the level was increased at 2 h to
3 days compared with that of the control, and it normalized
to the unstimulated baseline level by 5 days. It was hypoth-
esized that this was due to interactions of intracellular signal

TABLE 1. Immunomodulatory effects of macrolides on
cellular functions

Target cells and actions Reference(s)

Airway epithelial cells
Inhibition of:

Chloride secretion .................................76, 104, 151, 288, 289, 346
Mucus secretion .....................................83, 125, 216, 254
Adhesion molecules...............................133, 135, 169
Proinflammatory cytokines ...................41, 135, 255, 257, 283, 333
Inflammatory mediators........................284, 286

Enhancement of:
Tight junction or cell barrier ...............16, 67, 205
Defensin..................................................109

Neutrophils
Inhibition of:

Chemotaxis .............................................20, 119, 134, 304
Adhesion molecules...............................61, 159, 173, 198
Proinflammatory cytokines ...................49, 213, 248, 307
Elastase ...................................................82, 260
Reactive oxygen species........................1, 6, 7, 161, 166 173, 225

Promotion of:
Chemotaxis .............................................6
Apoptosis ................................................12, 106, 146

Eosinophils
Inhibition of:

Proinflammatory cytokines ...................149
Reactive oxygen species........................47

Lymphocytes
Inhibition of proinflammatory

cytokines .............................................15
Enhancement of:

Apoptosis ................................................107, 118
Regulation by dendritic cells................270

Monocytes
Inhibition of proinflammatory

cytokines .............................................140, 197
Enhancement of differentiation ...............271

Macrophages
Inhibition of:

Proinflammatory cytokines ...................186, 200, 248
Inducible NO..........................................148, 291

Fibroblasts
Inhibition of:

Proliferation ...........................................170, 210, 330
Collagen ..................................................103, 341
Matrix protease......................................124
Proinflammatory cytokines ...................182, 245, 279, 330

Vascular endothelial cells
Inhibition of:

Angiogenesis...........................................10, 217, 339, 340
Adhesion molecules...............................169
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transduction or negative feedback mechanisms (3, 315).
These data are consistent with the well-defined time lag
after macrolide administration to effective modulation of
inflammation.

Inhibition of DNA-binding activity by macrolides may be
due in part to suppression of upstream cell signaling. Clarithro-
mycin increased IL-8 release at 24 h, an effect that was abol-
ished by an ERK inhibitor but potentiated by a p38 MAPK
inhibitor, suggesting that p38 MAPK may downregulate IL-8
release by NHBE cells (255). A similar increase in ERK acti-
vation was seen with flagellin-induced IL-8 secretion via the
ERK pathway (257). Enhancement of the ERK pathway by the
p38 MAPK inhibitor was postulated for a leukemia cell line
(30), and thus cross talk between ERK1/2 and p38 MAPK may
be involved in the immune response (181).

The effects of macrolides on MAPK signaling are not limited
to cytokine production. Clarithromycin or an ERK inhibitor
decreased MUC5AC gene expression and ERK1/2 phosphor-
ylation in P. aeruginosa-infected mouse lung homogenates, sug-
gesting that clarithromycin inhibits MUC5AC glycoprotein
production through ERK inhibition (125). Azithromycin inhib-
ited 3-oxo-C12-HSL-induced MUC5AC production through
inhibition of ERK phosphorylation in NCI-H292 cells (105).
ERK1/2 activation was also inhibited in neutrophils treated with
azithromycin (304). Erythromycin inhibited IL-1�-induced p38
MAPK phosphorylation in rheumatoid synovial cells in vitro (72).

The preponderance of published data strongly suggest that a
primary immunomodulatory mechanism of action is through the
macrolide effects on MAPK activation, in particular, via the
ERK1/2 pathway. This makes an exceptionally compelling story,
as it explains most of the observed immunomodulatory effects of
these drugs and, to a great extent, predicts that MAPK-indepen-
dent immune effects are less likely to occur as a primary effect.
These effects are so reproducible that it has been suggested that
modulation of ERK1/2 can be used as a drug screen for the
immunomodulatory effects of novel macrolides.

Transcription factors. Transcription factors, including NF-�B
and AP-1, regulate gene transcription in inflammatory responses
(282, 285). These transcription factors bind upstream of promot-
ers and regulate a number of actions, including generation of
cytokines, chemical mediators, and oxidative metabolites. Aoki
and Kao (11) investigated the effects of erythromycin at the level
of transcriptional regulation of cytokine gene expression in Jurkat
T cells. Erythromycin significantly inhibited NF-�B activation in-
duced by phorbol 12-myristate 13-acetate (PMA) and calcium
ionophore and suppressed IL-8 but not IL-2 expression. Erythro-
mycin did not inhibit transcriptional activation of IL-2 and DNA-
binding activity of nuclear factor of activated T cells (NFAT).
This suggests the inhibition of IL-8, NF-�B, and DNA-binding
activities by erythromycin. Similar findings have been reported for
airway epithelial cell, fibroblast, monocyte, and leukemia cell lines
(2, 55, 102, 140, 191).

Desaki and collaborators (55) reported that erythromycin and
clarithromycin inhibited PMA-induced activation of NF-�B and
AP-1 in the human bronchial epithelial cell line BET-1A, as well
as the release of IL-8, whereas the macrolides showed no effect on
the activation of cAMP-responsive element binding protein
(CREB), suggesting that the effect on transcription regulation
may be specific. Furthermore, erythromycin did not affect the
phosphorylation of inhibitor of NF-�B (I�B), which is a crucial

step for transactivation of NF-�B, indicating that erythromycin
may act at the level of nuclear translocation of NF-�B or at the
stage of DNA binding within nuclei (54). In a CF airway cell line,
azithromycin inhibited NF-�B and Sp1 DNA-binding activities,
reducing TNF-� secretion (41).

Macrolides also inhibit mRNA expression of mediators and
cytokines such as IL-1, endothelin-1, iNOS, and MUC5AC
(191, 216, 284, 291). The mechanism for this is likely to involve
suppression of NF-�B and AP-1 (2, 11, 55, 140).

There are extensive data documenting the immunomodulatory
effects of macrolides on transcription factors such as NF-�B. In-
teractions between MAPK signaling and transcription factor ex-
pression and function can explain most of the immuno-
modulatory effects observed. Figure 1 shows putative
intracellular mechanisms by which macrolides can exert
their immunomodulatory actions, and Fig. 2 gives a sche-
matic presentation of potential immunomodulatory sites in the
inflamed airway.

EFFECTS ON BACTERIA

DPB and CF are associated with P. aeruginosa infection,
which causes progressive pulmonary damage. In a mouse model
of endogenous P. aeruginosa bacteremia, low-dose erythromycin
improved survival, from 20% for control mice to 80% for
treated mice (89). A nonbactericidal effect on this organism
has been postulated as one mode of action (96).

Inhibition of Adherence

Adherence of organisms to epithelium is essential for estab-
lishing a chronic bacterial infection. Baumann et al. studied the
effect of roxithromycin by using a model of P. aeruginosa ad-
herence to buccal epithelial cells from 11 CF children (25).
Increased adherence was found in CF patients, and 3 months
of azithromycin therapy decreased the adherence to normal
control levels. Low-dose erythromycin also altered P. aerugi-
nosa morphology and reduced adherence to human type IV
basement membrane collagen in vitro (305). Yamasaki et al.
(332) showed that exposure of P. aeruginosa to a sub-MIC level
of erythromycin reduced the number of pili and, hence, adher-
ence. Erythromycin suppresses the production of P. aeruginosa
hemagglutinins, including the adhesins lectins as well as extra-
cellular protease, hemolysin, and homoserine lactone autoin-
ducers (266). Azithromycin at concentrations below the MIC
inhibited flagellin expression and the motility of P. aeruginosa
(132). One study using strain PAO1 and 13 strains (8 nonmu-
coid and 5 mucoid types) isolated from sputa of CF patients
demonstrated that the decrease in adherence observed after
azithromycin treatment is a strain-dependent event, although
azithromycin at sub-MIC levels reduced bacterial adherence to
bronchial mucins for many nonmucoid strains (36). The in-
creased binding to CF cells may be related to mutant CFTR, in
that cationic liposome-mediated CFTR gene transfer ex vivo
significantly reduced adherence (52), but there was no effect on
P. aeruginosa adherence to epithelial cells from CF patients
after 2 weeks of azithromycin treatment (63).

VOL. 23, 2010 IMMUNOMODULATION BY MACROLIDES 597



Inhibition of Virulence Factors

Tanaka and associates (292) showed in vitro that erythromycin
inhibits the nasal epithelial damage caused by neutrophils in com-
bination with filtrates of P. aeruginosa. However, preincubation of
neutrophils alone with erythromycin was without effect, suggest-
ing that erythromycin might reduce P. aeruginosa’s production
of factors that damage epithelia or stimulate neutrophil-
mediated cytotoxicity. At sub-MIC levels, macrolides inhibit
the synthesis of exotoxin A, elastase, phospholipase C,
DNase, lecithinase, gelatinase, lipase, and pyocyanin, all of
which are virulence factors associated with P. aeruginosa
infection (89, 143, 193, 195, 266). Tateda and coworkers
(297) showed that a 48-hour exposure to macrolides at sub-
MIC levels decreased the viability of both mucoid and non-
mucoid P. aeruginosa strains. It was speculated that the
time-dependent suppression of bacterial proteins, including
GroEL, a major stress protein required for survival, might
be lethal (298). Because of this, long-term macrolide ther-
apy may shift the host-pathogen interaction from infection

to a relatively benign colonization state. Pretreatment P.
aeruginosa isolates from subjects randomized to receive
azithromycin in a U.S. trial were analyzed, and the results
suggested an in vitro effect of azithromycin, which decreased
the production of phospholipase C by the isolates; this corre-
lated with the pulmonary function (FEV1) improvement seen
with azithromycin therapy (208).

Inhibition of Biofilms

Chronic infection is a major cause of reactive inflammation
and tissue destruction in DPB and CF. Strains of P. aeruginosa
involved in these disorders develop a mucoid phenotype, syn-
thesizing alginate, a component of bacterial biofilms, when
environmental conditions are unfavorable for survival (144).
The mucoid phenotype is associated with a change in morphology
from flagellar motility to twitching motility, a loss of pili and
flagella, and exopolysaccharide alginate production by guanosine
diphospho-D-mannose dehydrogenase (GMD). Within mature

FIG. 1. Intracellular signal transduction pathways that have been proposed to be involved in macrolide immunomodulation. There are three major
pathways that are influenced by macrolides. Receptor tyrosine kinases (RTKs) are receptors for many polypeptide growth factors and cytokines. RTKs
such as epidermal growth factor receptor (EGFR) stimulate MEKK, and this activates the MAPK cascade. MAPK phosphorylates and activates
transcription factors inducing proinflammatory genes (345). Macrolides inhibit MAPK activation, in particular, ERK1/2 activation. TLRs recognize
bacterial molecules. For example, in response to LPS stimulation, TLR4 and adaptor molecules (not shown) activate the IRAK family and TAK1.
TAK1 then stimulates two distinct pathways, the IKK complex and the MAPK pathway. The latter leads to the induction of AP-1, while the former
activates NF-�B through the degradation of I�B proteins and the subsequent translocation of NF-�B (194). G-protein-coupled receptor (GPCR)-
or RTK-mediated activation of phospholipase C (PLC) produces inositol triphosphate (IP3). IP3 is a ligand for the intracellular IP3R channel of
the endoplasmic reticulum’s internal Ca2� stores. Activation of PLC also leads to the production of diacylglycerol (DAG), which in turn activates
protein kinase C (PKC). PKC and Ca2�/calmodulin signaling are then activated (44). Macrolides inhibit intracellular Ca2� increase. Abbreviations:
AP-1, activator protein 1; CaMK, calmodulin kinase; DAG, diacylglycerol; EGFR, epidermal growth factor receptor; ER, endoplasmic reticulum;
ERK, extracellular signal-regulated kinase; GFR, cytokine receptor/growth factor receptor; GPCR, G-protein-coupled receptor; IKK, I�B kinase;
IP3R, inositol triphosphate receptor; IRAK, IL-1 receptor-associated kinase; MEK, MAPK/ERK kinase; PKC, protein kinase C; TAK1, trans-
forming growth factor-activated protein kinase 1; TLR, Toll-like receptor. Blue arrows, major pathways influenced by macrolides; dashed arrows,
subpathways or cross-talk pathways; red lines with “ML,” inhibition by macrolides; white bent arrow, cell response.
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biofilms, the bacteria are resistant to attack by antibacterial
agents and phagocytic cells. Alginate can also act as an antigen
and induce antigen-antibody reactions in the airways, produc-
ing circulating immune complexes in the host (145). Immune
complex deposition in the airway, with resultant neutrophil
chemotaxis, leads to lung damage (95). Sub-MIC levels of
macrolides can inhibit alginate production (100, 336). Macro-
lides decreased the number of viable bacteria in a murine
model of biofilm-associated respiratory P. aeruginosa infection
(335). Decreased biofilm formation may be due to inhibition of
the GMD production cycle (145, 188) or to prevention of
pilus-dependent twitching motility (328). Long-term treatment
with clarithromycin can decrease serum immune complexes in
patients with DPB (144). Because macrolides can disrupt bio-
films and revert bacterial morphology to a planktonic state,
combining macrolides with antipseudomonal antibiotics may
be more effective than using antibiotics alone for bacterial
killing (145).

Inhibition of Quorum Sensing

Cell-cell communication among bacteria is mediated by
chemical signaling molecules termed autoinducers, which in-
crease in concentration as a function of cell density. Chemical
communication involves producing, releasing, detecting, and
responding to these small autoinducers, and this process is
referred to as quorum sensing (187). In Gram-negative bacte-
ria, including P. aeruginosa, the quorum sensing system com-
prises the genes encoding transcriptional activators (R genes)
and autoinducer syntheses (I genes). The I genes (i.e., lasI and
rhlI) are engaged in the biosynthesis of the corresponding
autoinducer signal molecules, i.e., 3-oxo-C12-HSL and N-bu-

tyryl-L-homoserine lactone (C4-HSL), which regulate the pro-
duction of virulence determinants and the formation of bio-
films (295). Sputum samples from CF patients chronically
infected with P. aeruginosa contain mRNA transcripts for the
quorum sensing genes (268) and the autoinducers 3-oxo-C12-
HSL and C4-HSL (261), indicating that quorum sensing sig-
naling profiles consistent with a biofilm mode of growth are
operative in CF isolates.

Azithromycin at a concentration of 2 �g/ml suppressed tran-
scription of lasI by 80% and that of rhlI by 50% in P. aeruginosa
strain PAO1 (294). Additionally, the production of 3-oxo-C12-
HSL and C4-HSL was decreased to 6% and 28% of the control
levels, respectively, suggesting that azithromycin interferes with
the synthesis of autoinducers, leading to a reduction of virulence
factor production. Azithromycin decreased bacterial loads, neu-
trophil infiltration, and lung pathology in P. aeruginosa-infected
CF mice, in part by blocking quorum sensing (94). Similarly,
erythromycin, clarithromycin, and roxithromycin, but not olean-
domycin or josamycin, suppressed lasI gene expression (295).

The quorum sensing molecule 3-oxo-C12-HSL is also a po-
tent stimulator of host cells and can induce IL-8 production
from human bronchial epithelial cells in vitro (56, 264) and
produce inflammation in vivo (265). This molecule can induce
macrophages and neutrophil apoptosis (296).

In summary, the effects of macrolides on biofilm disease in-
clude (i) inhibition of alginate production; (ii) suppression of the
antibody reaction to alginate, thereby decreasing immune com-
plex formation; and (iii) inhibition of lasI and rhlI expression and
deactivation of the autoinducer 3-oxo-C12-HSL in quorum sens-
ing systems in P. aeruginosa. This activity may improve the reso-
lution of the airway biofilm diseases CF and DPB (145).

FIG. 2. Beneficial effects of macrolides in the inflamed airway. In a chronically inflamed airway, there is epithelial cell damage, infiltration of
inflammatory cells, goblet cell hyperplasia, hypersecretion, mucociliary dysfunction, and recurrent airway infection. Macrolides have been reported to
attenuate inflammation and cellular damage in a variety of ways, as represented in this diagram. Downward-facing arrows, inhibition; upward-facing
arrows, enhancement.
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SUMMARY OF MECHANISMS OF
IMMUNOMODULATION

A wealth of supportive and detailed data support the obser-
vation that in mammalian cells, macrolides influence intracel-
lular MAPK, especially ERK1/2, and the NF-�B pathway
downstream of ERK. Because these pathways are involved in
many cellular functions, including inflammatory cytokine pro-
duction, cell proliferation, and mucin secretion, effects on
ERK1/2 and NF-�B can explain most of the reported immu-
nomodulatory effects of the macrolides (Table 2). The specific
proteins or receptors targeted by macrolides that affect
MAPK/NF-�B signaling have not been identified. The putative
binding molecule(s) may have multiple mechanisms of action.
Unpublished data suggest that portions of the macrolide mol-
ecule not involved in either antimicrobial actions or motilin
receptor binding are responsible for immunomodulation. This
information has been used to develop nonantimicrobial, im-
munomodulatory macrolides, as discussed below.

CLINICAL EFFECTS

Asthma

The immunomodulatory effects of macrolides were first re-
ported for the treatment of patients with asthma in the 1960s,
when troleandomycin (TAO), a 14-membered macrolide, was
shown to decrease the amount of oral corticosteroid needed
for asthma control in steroid-dependent asthmatics (110). This
“steroid-sparing” effect was initially thought to be due to the
action of TAO on corticosteroid metabolism via the cyto-
chrome P450 system. TAO can reduce the clearance of methyl-
prednisolone (276), but the clinical reduction in the dose of
methylprednisolone achieved after TAO is far greater than
would be anticipated from its effects on corticosteroid metab-
olism alone (342). A number of patients with steroid-depen-
dent asthma were able to discontinue prednisolone entirely
while on TAO (122, 237, 262, 318), suggesting that direct
effects on the inflammatory response were involved. Similar
properties were not seen with other antibiotics. In contrast, in
a double-blind placebo-controlled study enrolling 75 adult
asthmatics, there was no significant reduction in steroid use for
2 years, but the group receiving TAO had more side effects,
such as reductions in bone density (207). Routine use of TAO
for the therapy of asthma was largely limited by hepatic side

effects (122, 207). A Cochrane review analyzed available data
from 90 patients with steroid-dependent asthma in three ran-
domized controlled studies of TAO (64). In this report, there
was no treatment effect for TAO to reduce the steroid dose
(standardized mean difference [SMD], 	0.29; 95% confidence
interval [95% CI], 	0.75 to 0.17) and no significant improve-
ment in lung function (SMD, 0.06; 95% CI, 	0.8 to 0.9).

Gotfried and associates (84) evaluated add-on therapy of
asthma, using clarithromycin administered at 500 mg twice
daily, in a 6-week randomized controlled pilot study of 21
subjects with corticosteroid-dependent asthma. In the cla-
rithromycin group, there were increases in forced vital capacity
(FVC; P 
 0.04) and FEV1 (P 
 0.07), as well as decreases in
nocturnal dyspnea (P 
 0.05) and chest discomfort (P 
 0.02),
compared with baseline values. In addition, subjects were able
to reduce their prednisone dosage by a mean of 30% from
baseline. Favorable effects of macrolide therapy were also ob-
served in patients who were not taking oral corticosteroids.
Miyatake et al. (192) evaluated the effects of 10 weeks of
treatment with erythromycin (200 mg given three times daily)
in a group of 11 atopic and 12 nonatopic asthmatics not re-
ceiving steroid therapy. Erythromycin decreased the degree of
bronchial hyperresponsiveness in both groups, as measured by
a significant increase in the provocative concentration required
to produce a 20% fall in FEV1 from the baseline (PC20) in
response to a histamine challenge. They also reported that
there was no significant difference in serum theophylline con-
centrations before and after erythromycin treatment. A similar
study was performed on children with asthma, using roxithro-
mycin (253). The PC20 significantly increased with a dose of
150 mg roxithromycin daily after 4 and 8 weeks of treatment.
No significant changes in serum theophylline concentrations
and serum cortisol levels were observed during this study.
Kamoi et al. (123) evaluated the effects of roxithromycin on the
generation of free radicals by neutrophils and on bronchial
hyperresponsiveness in 10 asthmatics over the course of a
3-month treatment and observed significant reductions in ox-
ygen radicals and airway hyperreactivity compared with those
in untreated controls. In a randomized controlled crossover
clinical study, clarithromycin, given at 200 mg twice a day
(b.i.d.), or placebo was administered for 8 weeks to 17 subjects
with mild to moderate asthma (5). There were significant de-
creases in sputum eosinophils and eosinophilic cationic protein

TABLE 2. Inhibition of ERK1/2 and NF-�B pathways by macrolides

Pathway (references) Response Stimulator or cell type

ERK1/2 (105, 125, 255, 256, 257, 304) Inhibition of mucus secretion, MUC5AC production,
and MUC5AC gene expression

3-Oxo-C12-HSL, P. aeruginosa infection,
NCI-H292 cells

Inhibition of proinflammatory cytokine secretion
(IL-8, GM-CSF)

Flagellin, NHBE cells

Inhibition of cell proliferation NHBE cells
Inhibition of chemotaxis Neutrophils

NF-�B (11, 41, 54, 55, 102, 105, 124,
140, 191, 216, 279, 285)

Inhibition of mucus secretion, MUC5AC production,
and MUC5AC gene expression

TNF-�, LPS, TGF-�, 3-oxo-C12-HSL,
NCI-H292 cells

Inhibition of proinflammatory cytokine secretion
(TNF-�, IL-1, IL-6, IL-8)

CF cells, 16HBE cells, BET-1A cells, T cells,
monocytes, fibroblasts

Inhibition of MMPs Fibroblasts
Inhibition of iNOS Macrophages
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as well as in bronchial hyperresponsiveness compared to those
for the placebo group. These results were consistent with a
study to evaluate the effects of clarithromycin on bronchial
hyperresponsiveness (154). Subjects with stable asthma who
were using budesonide at 400 mg daily were randomized to
three study arms. Group A (22 subjects) received clarithromy-
cin at 500 mg daily for 8 weeks, group B (20 subjects) received
clarithromycin at 750 mg daily, and group C (21 subjects)
received placebo. Bronchial hyperresponsiveness was quanti-
fied by measurement of the provocative dose required to pro-
duce a 20% fall in FEV1 (PD20) in response to methacholine
provocation. Compared to the baseline, there was a significant
increase in the median PD20 in groups A and B but not in the
placebo group. The median values (interquartile ranges) for
the three groups before and after treatment were as follows:
group A, 0.3 (0.1 to 1) and 1.3 (0.6 to 2) mg (P � 0.001); group
B, 0.4 (0.1 to 0.9) and 2 (2 to 2) mg (P � 0.001); and group C,
0.4 (0.1 to 0.9) and 0.3 (0.1 to 0.6) mg (not significant). The
effectiveness of azithromycin was demonstrated in another
study in which 11 subjects with mild asthma received 250 mg
azithromycin orally twice weekly for 8 weeks and had signifi-
cantly increased PC20 values in response to methacholine,
without changes in FEV1 (59). These macrolides had little or
no effect on CYP3A4, one of the cytochrome P450 enzymes
(224).

Asthma is a complex, multifactorial disease. Atypical organ-
isms such as Chlamydia pneumoniae and Mycoplasma pneu-
moniae are thought by some to be associated with chronic
asthma and asthma exacerbations (32, 155). Black and col-
leagues (31) conducted a randomized clinical trial of roxithro-
mycin given at 150 mg twice daily for 6 weeks in 232 asthmatic
subjects who were antibody positive for C. pneumoniae. There
was no statistically significant change in the mean morning
peak expiratory flow (PEF) or symptom score, but there was a
significant improvement in evening PEF. These effects disap-
peared over a 6-month follow-up period after stopping the
treatment. The prevalence of M. pneumoniae or C. pneumoniae
in subjects with chronic asthma has been investigated by PCR,
using BAL fluids (155). Clarithromycin given at 500 mg twice
daily for 6 weeks improved the FEV1 from 2.50 � 0.16 to
2.69 � 0.19 liters (P 
 0.05) in PCR-positive subjects, but there
was no significant effect in PCR-negative subjects. A Cochrane
review updated in 2007, evaluating 7 studies including 416
subjects with chronic asthma, did not show a clinically signifi-
cant benefit of using macrolides in the management of chronic
asthma (236). This may suggest differences in disease duration
and severity, the relatively short treatment duration in most
studies, and the small number of subjects. A more recent
clinical trial was performed with children who required me-
dium to high doses of inhaled corticosteroids (ICS) with sal-
meterol to achieve asthma control (269). After a budesonide-
stable period of 6 weeks, 55 children were randomized to
receive once-nightly azithromycin, montelukast, or placebo
plus the established controlling dose of budesonide (minimum
of 400 mg twice daily) and salmeterol twice daily. The primary
outcome was the time from randomization to loss of asthma
control. There were no differences in time to loss of control
(median for azithromycin, 8.4 weeks [95% confidence limit, 4.3
to 17.3 weeks]; median for montelukast, 13.9 weeks [95% con-
fidence limit, 4.7 to 20.6 weeks]; and median for placebo, 19.1

weeks [95% confidence limit, �11.7 weeks]), but the study may
not have been powered adequately.

In contrast, a placebo-controlled study to evaluate an 8-week
course of azithromycin in 16 asthmatic children showed de-
creased bronchial hyperresponsiveness to hypertonic saline in-
halation, and there was a reduction in airway neutrophil infil-
tration in the azithromycin-treated children but not in the
placebo group (227). A randomized clinical trial with 45 adults
with severely refractory asthma showed that 8 weeks of cla-
rithromycin at 500 mg twice daily reduced concentrations of
sputum IL-8, neutrophil elastase, and MMP-9 and improved
clinical outcomes, including quality-of-life scores and wheezing
frequencies, compared with those for the placebo group (260).
There was no change in predicted FEV1%, airway hyperre-
sponsiveness to hypertonic saline, or the asthma control score.
The authors found that the improvements in inflammation
were most marked in those with refractory noneosinophilic
asthma. Asthmatics who benefit from macrolide therapy ap-
pear to have cases of more-severe, steroid-resistant asthma,
and this may be related to airway neutrophilic inflammation.

Non-CF Bronchiectasis

The effectiveness of macrolides in treating DPB has led to
trials in other lung disorders characterized by productive
cough, airway infection, and chronic inflammation. A random-
ized controlled trial of low-dose clarithromycin was reported
for treatment of chronic inflammatory airway diseases, includ-
ing bronchiectasis and chronic bronchitis (290). In the group
that received clarithromycin at 100 mg twice daily for 8 weeks,
sputum production decreased from 51 to 24 g/day and the
percent solids composition increased from 2.4% to 3.0%, with
no effect seen in the placebo group. Furthermore, the elasticity
of the sputum increased, but its viscosity was unchanged. Sim-
ilarly, in 11 patients with bronchiectasis, erythromycin given at
500 mg twice daily for 8 weeks decreased the 24-h sputum
volume and improved pulmonary function compared with
those of the placebo group (306). There was no change in
sputum bacteria, leukocytes, IL-1�, IL-8, TNF-�, or LTB4.
Tagaya and coworkers reported reduced sputum volume with a
short course of clarithromycin at 400 mg daily for 7 days (278).
Thirty-eight percent of the subjects with chronic bronchitis or
bronchiectasis had decreased sputum compared to the baseline
volume; amoxicillin and cefaclor treatment had no effect on
sputum volume.

A small open-label trial of azithromycin at 500 mg twice per
week for 6 months in subjects with bronchiectasis also sug-
gested a clinical benefit, as the patients had fewer exacerba-
tions (50). In a randomized controlled trial, roxithromycin was
given for 12 weeks to 13 children with airway hyperresponsive-
ness and bronchiectasis. The subjects taking roxithromycin had
decreased sputum purulence and leukocyte counts, and the
PC20 in response to methacholine increased significantly com-
pared with that for the placebo group (147).

Low-dose roxithromycin decreased sputum IL-8, neutrophil
elastase, and C5a and reduced neutrophil recruitment into the
lung in subjects with bronchiectasis (203). BAL fluid IL-8 and
neutrophil percentages, but not TNF-� or IL-10 percentages,
decreased compared with those for controls in 17 children with
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stable bronchiectasis after 3 months of clarithromycin given
daily at 15 mg/kg (329).

COPD

Chronic obstructive pulmonary disease (COPD) is an epi-
demic disease predicted to become the third leading cause of
death in the world by 2020. There are no pharmacological
therapies today that will prevent disease progression or reduce
mortality once COPD is established (24). Frequent exacerba-
tions in COPD patients lead to a faster decline in lung function
(57) and to increased airway inflammation (29). Many proin-
flammatory cytokines, chemokines, adhesion molecules, pro-
teinases, and reactive oxygen species are involved in COPD
pathogenesis (24).

The results of studies using macrolides to treat COPD have
been mixed. Compared to placebo (n 
 36), 3 months of oral
clarithromycin given to subjects with stable COPD (n 
 31) did
not significantly improve health status or decrease sputum
bacteria or the exacerbation rate (22). In contrast, Suzuki et al.
(275) studied 109 Japanese subjects with COPD who were
treated with low-dose erythromycin in an open-label study, and
this was associated with decreased exacerbations and hospital-
izations. These subjects were randomly assigned to prophylac-
tic erythromycin therapy or no active treatment and were ob-
served for 12 months. The frequency of upper respiratory tract
infection was 76% for controls and 13% for the erythromycin
group, and the exacerbation rate was 56% for the controls and
11% (6/55 patients) for the erythromycin group (relative risk
[RR], 4.71; 95% CI, 1.53 to 14.5; P � 0.007). In an in vitro study
by the same group, this effect was thought to be due to inhib-
iting human rhinovirus (RV) adherence by suppressing
ICAM-1, an RV receptor, blocking RV RNA entry into the
endosomes and decreasing proinflammatory cytokine produc-
tion (274). Jang et al. (114) also showed that clarithromycin
can decrease RV titers in infected A549 pulmonary epithelial
cells. A retrospective multicenter analysis of 123 Japanese pa-
tients observed over a mean of 42.9 months indicated that
macrolide therapy reduced the frequencies of COPD exacer-
bations and hospitalizations due to exacerbations (334). The
frequency of exacerbations was 4.4% for the macrolide group
(n 
 45) and 15.4% for those not receiving chronic macrolide
therapy (P 
 0.01). Seemungal et al. (250) conducted a 12-
month randomized clinical trial of erythromycin, given at 250
mg b.i.d. (n 
 53), or placebo (n 
 56) in subjects with mod-
erate to severe COPD. There were 206 moderate to severe
exacerbations, and 125 occurred in the placebo arm. The odds
ratio for exacerbations for the erythromycin- compared with
placebo-treated subjects was 0.65 (95% confidence interval,
0.48 to 0.86; P 
 0.003), and subjects receiving erythromycin
had shorter exacerbations.

Alveolar macrophages isolated from patients with COPD
who had been given azithromycin had enhanced phagocytosis
of apoptotic bronchial epithelial cells, and this was associated
with increased expression of the mannose receptor (91).

Chronic Rhinosinusitis

Chronic low-dose macrolides were first used as immune
modulators for chronic sinusitis in Japan (139, 142, 280), but

this has also been studied in other countries (88, 241). In a
2-week randomized controlled study of clarithromycin given at
500 mg twice daily, there was a decreased nasal secretion
volume (500 mg versus 28 mg; P 
 0.01) and increased secre-
tion mucociliary transportability (by 30%; P 
 0.005) com-
pared with those for controls. Clarithromycin also normalized
the rheology and cohesivity of nasal mucus (88). Another study
showed that clarithromycin treatment for 4 weeks increased
spinnability (cohesivity) and decreased the ratio of viscosity to
elasticity (tangent delta) of nasal mucus in 18 subjects with
chronic sinusitis (233).

Hashiba and Baba (86) investigated the clinical efficacy of
clarithromycin, given at 400 mg daily for 12 weeks, in 45 sub-
jects with chronic sinusitis. Subjects taking clarithromycin had
improved rhinoscopic findings and fewer symptoms of nasal
obstruction, and the benefits correlated with the duration of
therapy. There was a decrease in the size of nasal polyps
associated with chronic sinusitis in 52% of patients after 8
weeks of roxithromycin treatment, given at 150 mg daily, but
no correlation with allergy or eosinophilic infiltration (101). In
another study, there was a decrease in nasal lavage fluid IL-8
for subjects with chronic rhinosinusitis whose nasal polyps
were smaller after 12 weeks of clarithromycin treatment at 400
mg per day (P � 0.005) (330). It was speculated that IL-8 may
drive the development of nasal polyps in some persons with
rhinosinusitis. It has also been shown that macrolides can de-
crease IL-8 production by nasal epithelial cells in vitro (272).

In a prospective, single-center, open-label study, 25 subjects
with stable chronic sinusitis and persistent maxillary sinus in-
flammation were treated with clarithromycin at 500 mg twice
daily for 14 days (176). There were improvements in clinical
signs and symptoms which lasted for up to 2 weeks after com-
pleting therapy, including significant decreases in edema scores
and nasal biopsy specimen elastase, IL-6, IL-8, and TNF-�
levels compared with those measured pretreatment.

Macrolide therapy also benefits patients with chronic persis-
tent rhinosinusitis after sinus surgery. Cervin and colleagues
(38) conducted a prospective open-label study of 17 subjects
who did not respond to sinus surgery, antibiotics, and systemic
steroids. Subjects were treated with erythromycin at 250 mg
twice daily or with clarithromycin at 250 mg once daily. After
3 months, 12 of the 17 participants subjectively improved, and
these responders were reassessed after 12 months of treat-
ment. At 12 months, there were significant improvements in
saccharin transit time (testing mucociliary clearance) (P �
0.05), nasal endoscopic scoring (P � 0.01), and symptoms of
nasal congestion, sticky secretions, and runny nose by visual
analog scale scoring (P � 0.01).

A randomized clinical trial was conducted with 64 subjects
with chronic rhinosinusitis who were given 3 months of rox-
ithromycin at 150 mg daily. There were significant improve-
ments in SinoNasal Outcome Test 20 (SNOT20) scores, nasal
endoscopy results, saccharin transit times, and IL-8 levels in
lavage fluid compared with those for the placebo group (P �
0.05), and a correlation was noted between improved outcome
measures and low initial IgE levels (319). This is consistent
with the inhibitory effect of macrolides on neutrophilic inflam-
mation (272, 330) and with studies suggesting that symptom-
atic improvement after macrolide therapy correlates with low
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levels of IgE and with low eosinophil counts in peripheral
blood, nasal smears, and the nasal mucosa (101, 273).

CF

CF is a genetic disease that is clinically and bacteriologically
similar to DPB. Because of these common features, an open
pilot study of erythromycin given for 4 weeks to CF patients
was performed and showed that sputum IL-8 concentrations
for 6 subjects with CF were decreased (65). Jaffe and col-
leagues (113) then evaluated long-term (mean duration, 0.6
years) azithromycin therapy in 7 children with CF and infection
with P. aeruginosa. These children had median increases in
FVC of 11.3% and in FEV1 of 11% (P � 0.03).

Wolter and colleagues (326) reported the results of a pro-
spective placebo-controlled study of 60 adults with CF who
were given daily azithromycin, at 250 mg, or placebo for 3
months. FEV1 was maintained in the azithromycin group,
while there was a significant decline in the placebo group.
Systemic inflammation, as measured by C-reactive protein lev-
els, decreased only in the azithromycin group. Quality of life
improved over time in patients on azithromycin and remained
unchanged in those on placebo. Similarly, Equi et al. (62)
conducted a placebo-controlled crossover trial with 41 children
who received either azithromycin or placebo for 6 months.
Twenty-two subjects were homozygous for the �F508 muta-
tion. After 2 months of washout, the treatments were crossed
over. Equi et al. found a 5.4% improvement in FEV1 with
azithromycin, but there was no effect on either bacterial den-
sity or sputum inflammatory markers. It was suggested that
children homozygous for the �F508 mutation did better than
the others. A larger, multicenter study also demonstrated sig-
nificant lung function improvements and fewer intravenous
antibiotic courses for subjects with CF who were on azithro-
mycin (243). A total of 185 adults and children who had CF
and were infected with P. aeruginosa were randomly assigned
to receive placebo or 250 mg (for body weights of �40 kg) or
500 mg (for body weights of �40 kg) of azithromycin 3 days a
week for 168 days. The predicted FEV1% increased 4.4% in
the azithromycin group but declined 1.8% in the placebo group
(mean difference, 6.2%; P 
 0.001). Subjects taking azithro-
mycin had fewer exacerbations than those in the placebo group
(hazard ratio [HR], 0.65; 95% CI, 0.44 to 0.95; P 
 0.03), and
they weighed an average of 0.7 kg more at the end of the study
(95% CI, 0.1 to 1.4 kg; P 
 0.02 compared with placebo
group). A meta-analysis of 4 studies with 296 participants con-
cluded that there is a small but significant treatment effect for
azithromycin to improve pulmonary function in persons with
CF (267).

In a 1-year randomized controlled study, 82 young CF pa-
tients (�6 years old; mean age, 11.0 years) were randomized to
receive azithromycin at 250 or 500 mg, depending on body
weight, or oral placebo three times a week for 12 months (45).
The relative changes in predicted FEV1% at the end of the
study did not differ significantly between the two groups, but
the number of pulmonary exacerbations, the time to the first
pulmonary exacerbation, and the number of additional courses
of antibiotics were significantly reduced in the azithromycin
group. Similarly, maintenance azithromycin therapy given over
3 years was assessed retrospectively in 100 patients with CF

(303). The predicted FEV1% improved in the first year after
initiation of azithromycin but decreased during the second and
third years. Another long-term observational cohort study of
45 adult CF patients with chronic P. aeruginosa infection dem-
onstrated a significant decrease in the rate of decline in lung
function (85). The negative annual median slope of decline of
pretreatment FEV1 was changed from 	4.1% of the predicted
value to a positive annual slope, with an increase of �0.8%,
after 12 months of treatment with 250 mg daily azithromycin,
corresponding to a difference of �4.9% (P � 0.001).

CF lung inflammation may represent a primary event due to
the genetic defect. CF airway epithelial cells have a spontane-
ously increased production of IL-8 and TNF-� and an en-
hanced inflammatory response to bacteria (37, 41). Further-
more, CF airway cells produce inflammatory peptides even in
the absence of infection (302), and they respond to P. aerugi-
nosa with a greater-than-normal inflammatory response (247).
In the F508del-CF mouse, there is spontaneous and exagger-
ated LPS-induced macrophage infiltration in the airways, but
both spontaneous and induced inflammatory responses are
attenuated following azithromycin treatment (163). Azithro-
mycin downregulates proinflammatory cytokine expression in
M1-polarized CF alveolar macrophages and wild-type alveolar
macrophages (186). However, it is not clear whether this hy-
perinflammatory process is the direct or indirect result of the
CFTR defect (175, 239). The level of phosphorylated ERK1/2,
but not p38 MAPK, is markedly elevated in CF bronchial cells
and further supports the hypothesis that CFTR, the intracel-
lular Ca2� response, and NF-�B activation of CF airway epi-
thelial cells are interdependent (112, 175, 277).

DPB

The initial clinical trials of macrolides as immunomodula-
tory medications for the therapy of chronic inflammatory air-
way diseases were driven by the dramatic effects reported for
use of these drugs to treat DPB. DPB is a progressive inflam-
matory airway disease, primarily reported from Japan, Korea,
and Taiwan, which is characterized by a chronic cough, copious
sputum expectoration, dyspnea, and chronic sinusitis (156).
The airways of persons with DPB are infected by Haemophilus
influenzae, S. pneumoniae, and eventually mucoid P. aerugi-
nosa. The bacterial exacerbations lead to airflow obstruction,
respiratory failure, and cor pulmonale. Symptoms usually ap-
pear in the fourth or fifth decade of life in nonsmokers, and the
10-year survival rate was �15% for patients infected with P.
aeruginosa (71). Low-dose erythromycin was first used to treat
DPB in 1982. Work by Kudoh and colleagues (158) demon-
strated that low-dose erythromycin therapy significantly im-
proves the long-term survival of DPB patients. Many subse-
quent trials have shown the effectiveness of erythromycin for
the treatment of DPB (71, 99, 144, 202, 258). Erythromycin
therapy improves symptoms, pulmonary function, and hypox-
emia and increased the 10-year survival rate to �90% (156).
The benefit has been demonstrated with other 14- and 15-
membered macrolides as well (120, 258), but josamycin, a
16-membered macrolide, has been ineffective (19). A long-
term study by Kadota et al. (120) reported the effectiveness of
clarithromycin at 200 mg/day for 4 years in patients with DPB.
Pulmonary function and oxygenation improved significantly
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within 3 months of starting therapy, and the effects persisted
for the full 4 years.

Neutrophil influx into airways and the production of oxi-
dants and proteolytic enzymes play a crucial role in the patho-
genesis of DPB (98). In DPB, macrolides decrease neutrophil
chemotactic activity in BAL fluid. Erythromycin therapy de-
creased the number of neutrophils and neutrophil-derived
elastolytic-like activity in BAL fluid (98). There were de-
creased numbers of neutrophils and neutrophil chemotactic
activity in BAL fluid, not only for patients following erythro-
mycin treatment but also for animal models (119, 211). Several
studies have shown a reduction in BAL fluid levels of IL-8 and
IL-1� for subjects with DPB following macrolide treatment
(17, 198, 283). Additionally, there is decreased adhesion mol-
ecule macrophage activating complex 1 (Mac-1) in peripheral
blood neutrophils after macrolide therapy (198). Macrolides
suppress CD8� CD11b	 cytotoxic T cells in BAL fluid from
subjects with DPB (131). Macrolide suppression of proinflam-
matory cytokine production may be the principal mechanism
of action in DPB (71, 183, 283).

The working group of the Diffuse Lung Disease Committee
of the Ministry of Health and Welfare of Japan prepared
clinical guidelines for macrolide therapy for DPB in 2000. The
guidelines suggest that a macrolide be started as soon as the
diagnosis of DPB is made, and erythromycin at 400 or 600 mg
daily is recommended. If this treatment provides insufficient
clinical benefits after 6 months of therapy or if undesirable
adverse effects are associated with this drug, clarithromycin at
200 or 400 mg daily or roxithromycin at 150 or 300 mg daily is
then recommended (206).

Influenza and Sepsis

Systemic infectious diseases such as severe influenza and
sepsis can produce a severe systemic inflammatory response
syndrome (SIRS). The parenchyma injury is associated with
overexpression of cytokines and inflammatory mediators and
with upregulation of adhesion molecules in vascular beds (40,
310, 320). Modulation of SIRS has been proposed on the basis
of experimental and clinical evidence (79, 220, 230). In murine
influenza virus-induced pneumonia, erythromycin dose depen-
dently improves survival, and this is associated with inhibition
of inflammatory cell responses and attenuation of NO produc-
tion in the lung (246). Other studies demonstrated that cla-
rithromycin suppresses inflammatory cytokines such as TNF-�
(138) but increases IL-12 and immunoglobulin A in airway
fluids (308), reducing mortality in treated mice. Azithromycin
can significantly improve survival in mice infected with influenza
virus and superinfected with S. pneumoniae (129). Improved sur-
vival appears to be mediated by decreased inflammation, mani-
fested as fewer inflammatory cells and proinflammatory cytokines
in the lungs. Clarithromycin also inhibits virus production from
influenza A virus-infected host cells in vitro (190).

European and North American guidelines recommend a
combination therapy consisting of a �-lactam and a macrolide
for hospitalized patients with community-acquired pneumonia
(CAP) (178, 327). However, there are no randomized con-
trolled trials comparing a single �-lactam with the same drug
supplemented with a macrolide, and these recommendations
are largely supported by observational studies of selected pop-

ulations which have shown lower mortality rates for patients
treated with �-lactam–macrolide combination therapy than
those for patients treated with �-lactam monotherapy (21, 35,
74, 180, 301). However, other studies failed to show a benefit
of macrolide-containing combinations (58, 223). The synergy
between �-lactams and macrolides against S. pneumoniae is
not documented in vitro (172) or in vivo (115), although mac-
rolides inhibit the production of the pneumococcal toxin,
pneumolysin (8). Oral azithromycin decreased the rate of le-
thality in a septic shock model in mice challenged with intra-
peritoneal or intravenous LPS, accompanied by a reduced se-
rum level of TNF-�, without suppressing neutrophil tissue
infiltration (111). Therefore, the reason for the beneficial effect
appears to be unrelated to �-lactam resistance.

In humans, the cytokine profile for 23 subjects with CAP
treated with clarithromycin at 500 mg twice daily for 7 days was
compared with that for subjects treated with amoxicillin at 1 g
three times daily for 7 days. In the clarithromycin group, there
was a decrease in the proinflammatory cytokine IL-6, an in-
crease in the anti-inflammatory cytokine IL-10, and an increase
of IFN-� (53). At therapeutic concentrations, clarithromycin
inhibited IL-8 release from human monocytes stimulated with
bacterial extracts of Escherichia coli or P. aeruginosa (140).

Intravenous clarithromycin in the therapeutic range improved
survival in a murine model of sepsis caused by susceptible E. coli,
multidrug-resistant P. aeruginosa, or pandrug-resistant Klebsiella
pneumoniae, and this was associated with decreased serum
TNF-� and reactive oxygen species (78, 80, 81). These pathogens
were not susceptible to clarithromycin in vitro, and the effects
were observed even if clarithromycin was administered after the
animals developed sepsis-associated pulmonary edema. TNF-�
secretion by monocytes isolated from clarithromycin-treated an-
imals was also decreased ex vivo (26).

A randomized, controlled, multicenter trial was designed to
evaluate the efficacy of clarithromycin in patients with sepsis
and ventilator-associated pneumonia (VAP) (79). Clarithro-
mycin was administered intravenously at a dose of 1 g once
daily for 3 consecutive days in 100 subjects, and another 100
subjects were treated with placebo. Other antimicrobials for
treating VAP were selected by the attending physicians. Al-
though 28-day mortality was not affected, clarithromycin short-
ened the median time for resolution of VAP and time to
extubation among the 141 survivors compared with those for
placebo (10.0 days versus 15.5 days [P 
 0.011] and 16.0 days
versus 22.5 days [P 
 0.049], respectively). Fourteen subjects
died of a cause other than sepsis, and 45 died of sepsis. The
odds ratio for death due to a sepsis-related cause among cla-
rithromycin-treated patients was reduced compared with that
for placebo-treated patients (3.78 versus 19.00; P 
 0.043). A
pathogen was identified in 70% of cases, and the eradication
rates were similar in both groups.

Restrepo and associates (232) found a survival benefit of
macrolide therapy in 30- and 90-day mortality rates for patients
with sepsis after pneumonia. In this retrospective cohort study,
104 (43.9%) of 237 subjects with severe sepsis received mac-
rolides. Overall, 30- and 90-day mortality rates were lower for
subjects who received macrolides than for the others (11%
versus 29% [P 
 0.001] and 12% versus 34% [P � 0.001],
respectively). The multivariable analysis revealed that the use
of macrolides was associated with decreased mortality at 30
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days (HR, 0.3; 95% CI, 0.2 to 0.7) and at 90 days (HR, 0.3;
95% CI, 0.2 to 0.6) in patients with severe sepsis and in patients
with macrolide-resistant pathogens (HR, 0.1; 95% CI, 0.02
to 0.5).

Posttransplantation BOS

Bronchiolitis obliterans syndrome (BOS) is the leading
cause of death after lung transplantation. An open-label pilot
study demonstrated that 6 subjects with BOS who were treated
with azithromycin at 250 mg three times a week had improved
FEV1, with a mean increase of 17% (P � 0.05) after an average
of 13.7 weeks (77). Four subsequent clinical trials of BOS
showed significant improvements in FEV1 with azithromycin
treatment (136, 312, 313, 338), while one showed no demon-
strable effect (259). The most recent of these studies treated 14
subjects with azithromycin at 250 mg daily for 5 days and then
three times weekly for 3 months (313). There were 6 respond-
ers to azithromycin (with an FEV1 increase of �10%), and the
mean FEV1 increased from 2.36 to 2.67 liters (P 
 0.007).
Azithromycin reduced BAL fluid neutrophils and IL-8 mRNA.
The authors concluded that in subjects with �15% neutrophils
in their BAL fluid, there was a positive predictive value of 85%
for a significant FEV1 response to azithromycin. Finally, pul-
monary IL-17-induced IL-8 production is thought to be impor-
tant in BOS, and azithromycin has been shown to inhibit IL-17
through its effect on MAPK signaling (311).

SAFETY OF LONG-TERM MACROLIDE THERAPY

Macrolide Resistance

The antimicrobial activity of macrolides is based on inhibi-
tion of bacterial protein biosynthesis after binding of the mac-
rolide, selectively and reversibly, to the 50S ribosomal subunit.
More precisely, macrolides prevent peptide bond formation by
interacting with 23S rRNA, a major component of the 50S
subunit and an important part of the peptidyltransferase center
(179). The main binding sites lie within domain V in the 23S
rRNA. In addition, it is postulated that macrolides cause disso-
ciation of the peptidyl-tRNA during translocation by blocking the
path through which nascent peptide chains exit the ribosome, thus
interfering with elongation of the polypeptide chain (300).

There is a concern that the long-term administration of
macrolides can promote antimicrobial resistance. Malhotra-
Kumar and coworkers (177) conducted a randomized, double-
blind, placebo-controlled study, enrolling a total of 224 healthy
volunteers: 74 were treated with azithromycin, 74 with cla-
rithromycin, and 76 with placebo. Oral streptococci were used
as model organisms to evaluate the development of resistance
over 180 days. Both macrolides significantly increased the pro-
portion of macrolide-resistant streptococci, with resistance
peaking at day 4 in the azithromycin group (mean increase of
53.4% versus placebo; P � 0.001) and at day 8 in the clarithro-
mycin group (50.0% increase versus placebo; P � 0.001). For
CF patients taking maintenance azithromycin therapy, marked
increases in Staphylococcus aureus and Haemophilus spp. resis-
tant to macrolides have been reported (226, 303). Staphylo-
coccal resistance to macrolides went from 83% in the first year
to 97% in the second year and, finally, to 100% in the third

year after starting therapy (303). The long-term use of azithro-
mycin in CF patients also leads to macrolide resistance in the
commensal viridans group streptococci, as assessed by molec-
ular characterization (299). Since the incidence of nontuber-
culous mycobacterial (NTM) pulmonary infections is also in-
creasing among CF patients, it is feared that azithromycin
therapy may induce selection or acquisition of macrolide re-
sistance in NTM (167, 215).

There are three principal mechanisms responsible for ac-
quired macrolide resistance (299, 343). The first is due to
ribosomal target modification, which is mediated by methyl-
ases encoded by the erm(B) gene. The methylation of the
adenine at position 2058 of domain V prevents macrolides
from binding to the ribosome, resulting in high-level resis-
tance. The second is an active drug efflux mechanism, which is
determined by the presence of the membrane-bound efflux
protein, encoded by the mef(A) gene. This mechanism confers
low-level macrolide resistance. The third is a mutation in the
23S rRNA or ribosomal proteins L4 and L22, leading to con-
formational changes at the binding site of the macrolides and
to a large reduction in effectiveness. The PROTEKT study is a
global longitudinal surveillance study of the distribution of
mechanisms for macrolide resistance to Streptococcus pneu-
moniae (66). Year 5 PROTEKT data (2003–2004) showed that
the rate of erythromycin resistance in S. pneumoniae isolates
from patients with community-acquired respiratory tract infec-
tions was 37.2%. The overall distributions of the resistance
mechanisms erm(B) and mef(A) were 55.0% and 30.6%, re-
spectively, with a combination of both mechanisms accounting
for 12.0% of cases of resistance. Ribosomal mutations ac-
counted for a small minority of cases (2.0%). Long-term use of
macrolides for common conditions such as asthma and COPD
should be examined comprehensively on the basis of the clin-
ical evidence, and there may be a benefit to developing non-
antimicrobial macrolides that retain immunomodulatory prop-
erties without inducing resistance (see “EM703”).

Long-Term Macrolide Safety

Kadota and colleagues reported on the safety and effective-
ness of once-daily clarithromycin given at a low dose for 4 years
to 10 patients with DPB (120). They found that pulmonary
function improved in most of these patients within 6 months,
and often the improvement was seen within 2 to 3 months.
There were also improvements in oxygen saturation at rest and
in quality of life within 6 months in nine of these patients.
These improvements persisted for at least 4 years, with no
reported side effects. The same authors later reported on long-
term macrolide antibiotic therapy in the treatment of chronic
small-airway disease that clinically mimicked DPB but had a
very different histology. Unlike the 80 to 90% response to
long-term erythromycin therapy reported for DPB, pulmonary
function, total cell counts, and neutrophil percentages in bron-
choalveolar lavage fluid did not improve in these patients
(121). However, similar to the case for patients with DPB,
there were no reported side effects seen with long-term use. In
a similar study, Phaff and colleagues from the Netherlands
reported on the safety and effectiveness of long-term azithro-
mycin therapy in patients with CF (226). In their CF center,
156 patients were monitored during the study period of Janu-
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ary 1999 to March 2004, and by October 2003, 50 patients were
taking azithromycin three times a week at a low dose. As the
duration of treatment increased, sputum cultures of patients
who were using azithromycin were positive for either Staphy-
lococcus or Haemophilus significantly less often than cultures
of patients not on azithromycin, although the percentage of
resistant cultures in those that were culture positive dramati-
cally increased. Macrolide resistance increased in both those
taking azithromycin and those not using the antibiotic.

It has been reported that the concurrent use of CYP3A
inhibitors and erythromycin can increase the risk of cardiac
death. Postmarketing data surveillance from Japan indicates
that although 10 tons of erythromycin are used annually for
low-dose, long-term immunomodulatory treatment, there have
been only 4 cases of torsade de pointes due to erythromycin
among an estimated 34,000 patients per year treated with
erythromycin over the last 10 years. Furthermore, these four
patients received erythromycin without concomitant treatment
with CYP3A inhibitors, and they recovered after discontinuing
erythromycin treatment (18).

Thus, it appears that the long-term and low-dose use of
macrolides can increase the development of resistance in
Gram-positive organisms, apparently without compromising
the effectiveness of the medications or increasing the risk of
cardiovascular death. The development of nonantimicrobial
macrolides that possess immunomodulatory properties would
be expected to decrease the risk of macrolide resistance devel-
oping in both patients and community isolates. Guidance for
chronic use of macrolide therapy is summarized in Table 3.

OTHER RELATED DRUGS

Ketolides

Ketolides are a class of semisynthetic agents derived from
erythromycin A by replacement of the cladinose at C-3 with a
keto group. Ketolides bind to ribosomes with a higher affinity
than that of macrolides, and they potently inhibit protein syn-
thesis by interacting with the peptidyltransferase site of the
bacterial 50S ribosomal subunit (343).

Telithromycin was the first member of this class, and it has
been reported to have immunomodulatory properties similar
to those of the macrolides. In monocytes from eight volunteers,
telithromycin inhibited LPS-induced IL-1� and TNF-�, but
not IL-1�, IL-6, or IL-10 (14). In a septic mouse model,

telithromycin downregulated production of TNF-� and IL-1�
and improved the rates of survival after a lethal dose of E. coli
LPS was given (165). Acute airway inflammation in mice after
airway nebulization of LPS was attenuated by telithromycin
pretreatment, and this was associated with decreased neutro-
philia and reduced levels of protein, nitrite, MIP-2, and TNF-�
in the BAL fluid (164). In vitro, telithromycin inhibited the
production of MIP-2 and TNF-� in response to LPS stimula-
tion in the macrophage cell line RAW 264.7, and it decreased
the production of MIP-2 by murine lung epithelial (MLE-12)
cells cultured with supernatants of LPS-stimulated RAW 264.7
macrophages. NF-�B activation was inhibited and apoptosis
was increased in both cell lines by use of telithromycin (164).
Telithromycin, as well as azithromycin and clarithromycin, can
inhibit the increased production of MUC5AC mRNA and pro-
tein in NCI-H292 cells stimulated with LPS (108). However,
telithromycin did not inhibit MUC5AC production induced by
human neutrophil peptide-1 (HNP-1), while azithromycin and
clarithromycin did inhibit MUC5AC.

Johnston et al. (117) evaluated the effects of telithromycin in
278 patients with acute exacerbations of asthma in a double-
blind, randomized, placebo-controlled study. Telithromycin
given at 800 mg daily for 10 days decreased asthma symptoms
significantly compared with placebo, although there was no
significant treatment effect on the morning peak expiratory
flow. There was no relationship between the response to
asthma treatment and C. pneumoniae or M. pneumoniae infec-
tion, as ascertained by serologic analysis, PCR, and culture.

Quinolones

Antimicrobial activity of fluoroquinolones is due to interfer-
ence with DNA replication by inhibiting bacterial DNA gyrase
and topoisomerase IV (51). Although eukaryotic cells do not
contain these enzymes, fluoroquinolones accumulating intra-
cellularly could potentially affect topoisomerase type II en-
zymes, the mammalian counterparts, thereby having the po-
tential to damage mammalian cells (263).

Fluoroquinolones were also proposed as immunomodula-
tors and have been compared with macrolides (51, 220). Fluo-
roquinolones are able to modify transepithelial Cl secretion,
phagocyte functions, T-cell responses, and cytokine production
(128, 160, 242). Moxifloxacin and ciprofloxacin dose depen-
dently decreased IFN-� and IL-4 expression by T cells in vitro

TABLE 3. Clinical application of macrolides

Disease Recommendation for routine use Expected efficacy Outstanding issues or comments

Asthma Discouraged (few patients) Steroid-sparing effect Insufficient evidence, small study
population

Bronchiectasis Partially recommended Decreased sputum, reduced exacerbations Few data, small number of patients,
short duration

COPD Discouraged Reduced exacerbations Insufficient evidence, small study
population

Chronic rhinosinusitis Partially recommended
(for noneosinophilic cases)

Reduced nasal mucus, improved quality of
life

Study design, study population

Cystic fibrosis Recommended Reduced exacerbations, less deterioration in
pulmonary functions

Short duration

DPB Recommended Improved prognosis, potential cure First-line therapy
Influenza/sepsis Discouraged Improved prognosis Insufficient evidence
Posttransplantation BOS Discouraged Improved prognosis Insufficient evidence
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(324). Therapeutic concentrations of moxifloxacin significantly
inhibited IL-1� and TNF-� secretions from human monocytes
stimulated with LPS (13). In mice injected with a lethal dose
of LPS, ciprofloxacin and trovafloxacin protected mice from
death and decreased TNF-� and IL-6 levels in serum (137).
Likewise, moxifloxacin inhibited IL-8 and TNF-�, preventing
neutrophilic pneumonitis in immunosuppressed mice (251). Fur-
thermore, moxifloxacin has been shown to suppress ERK1/2 ac-
tivation and NF-�B nuclear translocation in human monocytes
and a lung respiratory cell line (322, 323). Blau et al. (33)
showed that moxifloxacin inhibited proinflammatory cytokines
and MAPK activation, more potently than ciprofloxacin or
azithromycin did, in TNF-�- or IL-�-treated CF airway cells.
In differentiated human bronchial cells cultured at an air-liquid
interface, moxifloxacin as well as azithromycin was able to
inhibit TNF-�-induced IL-8 secretion (347). These data may
be of relevance for the use of fluoroquinolones in the treat-
ment of respiratory tract infections in patients with chronic
airway inflammatory diseases.

Interestingly, immunomodulatory properties seem to be lim-
ited to members of the quinolone family with a cyclopropyl moi-
ety at position N-1 of the quinolone ring (e.g., ciprofloxacin,
sparfloxacin, and moxifloxacin) (51). The basic mechanisms for
these effects of quinolones have not been evaluated. Further stud-
ies, including studies of a quinolone-topoisomerase II interaction
with an effect on transcription factors, are required (51).

EM703

EM703 is a novel 12-membered-ring macrolide derivative of
erythromycin which was developed by the Kitasato Institute for
Life Sciences of Kitasato University in Japan (170, 271). EM703
has neither antimicrobial nor gastrointestinal motilin-binding ef-
fects. Similar to erythromycin, EM703 can inhibit PMA-mediated
IL-8 release and NF-�B activation in BET-1A cells, a human
bronchial epithelial cell line (54). EM703 can inhibit proliferation
and collagen production of murine and human lung fibroblasts by
interfering with TGF-�/Smad signaling (103, 341). The relation-
ship between these effects and the three-dimensional structure of
macrolides is under investigation.

CONCLUSIONS

Macrolides have many diverse biological activities and an
ability to modulate inflammation. These properties have led
to their use for treatment of DPB, asthma, bronchiectasis,
rhinosinusitis, and CF. These actions seem to be polymodal
and exerted at different levels of cellular signaling, but
among these, modulation of ERK1/2 and transcription factors
is prominent, consistent, and clearly unrelated to antimicrobial
properties. Macrolides (and quinolones) accumulate within
cells, suggesting that they may associate with receptors or car-
riers responsible for the regulation of immune cell activities.
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48. Culić, O., V. Eraković, and M. J. Parnham. 2001. Anti-inflammatory effects
of macrolide antibiotics. Eur. J. Pharmacol. 429:209–229.
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Birkhäuser Verlag, Basel, Switzerland.

283. Takizawa, H., M. Desaki, T. Ohtoshi, S. Kawasaki, T. Kohyama, M. Sato,
M. Tanaka, T. Kasama, K. Kobayashi, J. Nakajima, and K. Ito. 1997.
Erythromycin modulates IL-8 expression in normal and inflamed human
bronchial epithelial cells. Am. J. Respir. Crit. Care Med. 156:266–271.

284. Takizawa, H., M. Desaki, T. Ohtoshi, S. Kawasaki, T. Kohyama, M. Sato,
J. Nakajima, M. Yanagisawa, and K. Ito. 1998. Erythromycin and clarithro-
mycin attenuate cytokine-induced endothelin-1 expression in human bron-
chial epithelial cells. Eur. Respir. J. 12:57–63.

285. Tamaoki, J. 2004. The effects of macrolides on inflammatory cells. Chest
125:41S–51S.

286. Tamaoki, J., E. Tagaya, A. Sakai, and K. Konno. 1995. Effects of macrolide
antibiotics on neurally-mediated contraction of human isolated bronchus. J.
Allergy Clin. Immunol. 95:853–859.

287. Tamaoki, J., E. Tagaya, I. Yamawaki, M. Kondo, N. Sakai, A. Nagai, and K.
Konno. 1995. Effect of erythromycin on endotoxin-induced microvascular
leakage in the rat trachea and lungs. Am. J. Respir. Crit. Care Med.
151:1582–1588.

288. Tamaoki, J., H. Takemura, E. Tagaya, and K. Konno. 1995. Effect of
clarithromycin on transepithelial potential difference in rabbit tracheal mu-
cosa. J. Infect. Chemother. 1:112–115.

289. Tamaoki, J., K. Isono, N. Sakai, T. Kanemura, and K. Konno. 1992. Eryth-
romycin inhibits Cl secretion across canine tracheal epithelial cells. Eur.
Respir. J. 5:234–238.

290. Tamaoki, J., K. Takeyama, E. Tagaya, and K. Konno. 1995. Effect of
clarithromycin on sputum production and its rheological properties in
chronic respiratory tract infections. Antimicrob. Agents Chemother. 39:
1688–1690.

291. Tamaoki, J., M. Kondo, K. Kohri, K. Aoshiba, E. Tagaya, and A. Nagai.
1999. Macrolide antibiotics protect against immune complex-induced lung
injury in rats: role of nitric oxide from alveolar macrophages. J. Immunol.
163:2909–2915.

292. Tanaka, E., K. Kanthakumar, D. R. Cundell, K. W. Tsang, G. W. Taylor, F.
Kuze, P. J. Cole, and R. Wilson. 1994. The effect of erythromycin on
Pseudomonas aeruginosa and neutrophil mediated epithelial damage. J.
Antimicrob. Chemother. 33:765–775.

293. Tarre, D., M. Broggini, V. Botta, C. Sampietro, R. Busarello, and C. Gar-
beri. 1991. In vitro and ex vivo effects of recent and new macrolide antibi-
otics on chemotaxis of human polymorphonuclear leukocytes. J. Che-
mother. 3:236–239.

294. Tateda, K., R. Comte, J. C. Pechere, T. Köhler, K. Yamaguchi, and C. Van
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